STUDY QUESTION: What effect does multigenerational (F2) and transgenerational (F3) cigarette smoke exposure have on female fertility in mice?
Introduction
Cigarette smoke exposure is a known reproductive toxicant in female smokers (Gruber et al., 2008; Sobinoff et al., 2013; Camlin et al., 2014) . Furthermore, in utero smoke exposure has been found to be detrimental to the fertility of both sons and daughters (F1 generation), exposed during this important developmental time period (Jensen et al., 2005; Lutterodt et al., 2009; Ernst et al., 2012; Fowler et al., 2014; Sobinoff et al., 2014; Camlin et al., 2016a) . Of further concern are the small number of studies which have shown that multigenerational (F2) and transgenerational (F3) exposure in humans and rats to cigarette smoke or its constituents have negative effects on lung function, asthma outcomes and increase the risk of childhood cancers (Li et al., 2005; Ortega-García et al., 2010; Rehan et al., 2012 Rehan et al., , 2013 Magnus et al., 2015) . Interestingly, in rats, multi-and transgenerational exposure to the cigarette smoke constituent benzopyrene reduces female receptiveness to copulation (Csaba and Karabélyos, 1997) . However, little else is known about multigenerational effects on fertility in F2 and F3 female generations. Approximately 12% of Australian and US women smoke throughout pregnancy. Furthermore, of these women, only 22% of Australians and 54% of Americans stop smoking within the first 20 weeks of pregnancy (Tong et al., 2013; Australian Institute of Health and Welfare 2015) . Given the predicted adverse effects of multigenerational exposure to cigarette smoke, further investigation in an animal system is warranted.
Owing to the finite number of functional oocytes that form solely during fetal development, the lifestyle and environmental factors of the pregnant grandmother, such as cigarette smoking, may directly affect the health of their grandchildren (multigenerational). It is not until the third generation ('great-grandchildren') that a pregnant woman's environmental and lifestyle factors do not directly impact a generation of offspring at the cellular level (transgenerational) (Rehan et al., 2013) . Worryingly, even in the women who stop smoking prior to 20 weeks gestation the damage may already have occurred, as their daughter's germ cells form at 4 weeks gestation and enter meiosis by 10 weeks gestation (Hartshorne et al., 2009; Sarraj and Drummond, 2012) . In this study, we used an established animal model to investigate the effect of cigarette smoking during pregnancy and lactation on the fertility of female grandchildren (F2 generation) and great-grandchildren (F3 generation) solely down the maternal line. Non-exposed F1 and F2 males were used as breeding studs.
Materials and Methods
All reagents were obtained from Sigma-Aldrich (St Louis, MO, USA) unless otherwise specified.
Animals and ethical approval
All experiments were performed with the approval of the University of Newcastle Animal Care and Ethics Committee. C57BL/6 mice were obtained from Australian BioResources (Mossvale, NSW) and housed with food and water ad libitum under a 12-h light/12-h dark lighting regimen.
Smoke exposure and breeding
Six-week-old female mice (F0 generation) were exposed to cigarette smoke as previously described Sobinoff et al., 2013; Franklin et al., 2014; Hansbro et al., 2014; Chen-Yu Hsu et al., 2015; Camlin et al., 2016a; Haw et al., 2016; Liu et al., 2016) . Briefly, animals were exposed to mainstream cigarette smoke (12 3R4F reference cigarettes; University of Kentucky, USA) through the nose only for 75 min daily, 5 days/week for 12-13 weeks. This level of exposure equated to a packa-day smoker (24 cigarettes/day) . Females were housed with non-cigarette smoke exposed males (2 females/male) from Week 5 of exposure until visibly pregnant. Cigarette smoke exposure continued throughout pregnancy and lactation, ceasing once pups (F1 generation) were weaned on post-natal day (PND) 21-23 (Sobinoff et al., 2014; Camlin et al., 2016a) .
Six-week-old F1 females from different litters of F0 exposed dams were housed with 8-week-old non-cigarette smoke exposed males (1 female: male) continuously for 3 months. F2 generation pups were weaned on PND 21-23. A subset of F2 females (6 weeks old) of F1 dams were housed with non-cigarette smoke exposed 8-week-old males (1 female/ male) continuously for 3 months, giving rise to the F3 generation of animals. F3 pups were weaned on PND 21-23. All females used for breeding were from different maternal lines and litters. Control animals were F2 and F3 descendants of the non-smoke exposed female (F0) founders.
Fertility trial
Four 6-week-old F2 females from different litters per treatment group were individually housed with non-cigarette smoke exposed males (8 weeks old) continuously for 3 months. Litter size and date of birth were recorded throughout the trial. Days to conception were determined by subtracting 19 days from time of litter drop, as previously described (Camlin et al., 2016a) .
Tissue collection and histology
Ovaries were fixed in Bouin's solution, paraffin embedded and sectioned at 5 μm prior to hematoxylin and eosin staining or immunofluorescent processing. Each of the ovaries examined for follicle counts, immunofluorescence or the TUNEL assay, originated from different litters.
Follicle counts and staging
Follicle counts of follicles from mice aged 8 weeks and 9 months were performed on every 15th section for the entire ovary. Only follicles with a visible oocyte nucleus were counted. Morphological features were used to stage follicles in adult ovaries as previously described by Camlin et al. (2016a) .
Immunofluorescence
Ovaries from mice aged 8 weeks and 9 months were deparaffinized and rehydrated before antigen retrieval in Tris (50 mM, pH 10.6) or sodium citrate (10 mM, pH 6) buffer. Sections were blocked in 7% goat serum prior to overnight incubation with primary antibodies against proliferating cell nuclear antigen (PCNA; 1:100; NA03, Merck Millipore, Billerica, MA) or anti-Mullerian hormone (AMH; 1:20; MCA2246, AdB Serotec, UK) at 4°C. Secondary antibodies conjugated to Alexa-633 (1:200; Life Technologies, Australia) were applied for 1 h at room temperature before being counterstained with DAPI and mounted in citifluor (Citifluor Ltd, PA, USA). An Axio Imager A1 epifluorescent microscope (Carl Zeiss MicroImaging Inc., NY, USA) was used to visualize sections with photomicrographs taken using an AxioCam MRc microscope camera (Carl Zeiss MicroImaging Inc.). Negative controls, with only secondary antibodies, were also examined ( Supplementary  Fig. S1A ).
TUNEL analysis
Sections were treated with 20 μg/ml of proteinase K (Promega, WI, USA) prior to TUNEL analysis using a ApopTag ® Fluorescein In Situ Apoptosis Detection Kit (S7110, Merck Millipore) according to the manufacturer's protocol. DAPI was used to counterstain sections before mounting in citifluor and imaging on an Axio Imager A1 epifluorescent microscope with an AxioCam MRc microscope camera.
Oocyte collection
Female mice (4 weeks old) from different litters were injected i.p. with 7.5 IU of pregnant mares' serum gonadotrophin (Intervet, Bendigo, Australia) 44-52 h prior to germinal vesicle (GV) oocyte collection from the ovary or a second i.p injection of 5 IU hCG (Intervet). At 12 h following the second injection, metaphase II (MII) stage oocytes were collected from the ampulla. GV oocytes were collected into M2 media prepared in-house (see Supplementary Table S1 for media constituents) containing BSA (4 g/l; A3311) and milrinone (10 μm; M4659) while MII oocytes were collected in media without milrinone. Cumulus cells were removed mechanically via repeated pipetting (GV oocyte) or enzymatically with hyaluronidase (300 μg/ml; H4272; MII oocyte) (Mihalas et al., 2015) . MII oocytes were fixed in 2% paraformaldehyde in PBS with 0.5% Triton X for 30 min or washed into M2 media with BSA containing monastrol (200 μM; M8515) to collapse the metaphase spindle II prior to fixation Camlin et al., 2016a Camlin et al., , 2016b . For collection from 9-month-old females, the GV oocytes were retrieved directly from the ovary without prior hormonal stimulation and allowed to mature in vitro for 16 h prior to fixation.
Parthenogenetic activation
MII oocytes were collected as described above. Parthenogenetic activation was performed to induce calcium oscillations in MII oocytes that mimic those that occur at fertilization, allowing for embryonic development without sperm (Zhang et al., 2005) . This method was chosen over IVF to ensure that any alterations observed between control and smoke exposed females were a result of abnormalities in the oocytes and not a result of poor sperm quality.
In this way, we were also able to eliminate any potential variation among males. For second polar body (PB2) extrusion timing, oocytes were washed into calcium-free M2 media with 10 mM strontium chloride and BSA (4 g/l). MII oocytes were then allowed to undergo parthenogenetic activation in a Nikon Biostation IM with images taken every 10 min for 12 h. For timing of embryonic development to compaction stage, MII oocytes were activated in calcium-free KSOM with 10 mM strontium chloride and cytochalasin D (1 μg/ml; C2618) for 4 h in 5% CO 2 at 37°C. Activated oocytes were then washed into strontium-free KSOM with 2.25 mM calcium under mineral oil and incubated in 5% CO 2 at 37°C (Seah et al., 2012) . Oocytes were scored for development progress 9 h post activation and then every 24 h for 72 h.
Oocyte immunocytochemistry
Immunocytochemistry was performed on oocytes using anti-CREST antibody (1:400; 90C-CS1058, Bioclone Australia, Australia) for aneuploidy analysis or anti-α-tubulin (1:400; A11126, Life Technologies) for spindle analysis.
Oocytes were blocked in 7% goat serum in PBS with 0.1% Tween-20 before overnight incubation in primary antibodies at 4°C. Secondary antibodies were conjugated with Alexa-488 or Alexa-555 (1:1000; Life Technology) and incubated with oocytes for 1 h at room temperature. Finally, oocytes were counterstained in Hoechst (20 μg/ml) and mounted in Citifluor.
Imaging was performed on an Olympus FV1000 microscope using a ×60/ 1.2 NA UPLSAPO oil immersion objective lens (Olympus, Australia) with serial sections obtained every 0.5 μm (aneuploidy analysis) or 1 μm (spindle analysis). ImageJ (freeware; National Institutes of Health) was used to measure spindle size and count kinetochores in a blinded manner using a macro designed by Dr Simon I. R. Lane . See Supplementary Fig. S1B for examples of an euploid and aneuploid oocyte.
Immunoblotting
Whole ovary immunoblotting was performed as previously described by Holt et al. (2011) . Briefly, whole ovary protein was extracted using sodium dodecyl sulfate lysis buffer. A total of 5 μg of ovary protein was loaded onto a 4-12% NuPage gel and immunoblotting was performed using antibodies for PCNA (1:1000; ab29, Abcam) with anti-GAPDH (1:5000; G9545, Sigma-Aldrich) used as a loading control. Densitometry analysis was performed using ImageJ. Chemiluminescence peaks for each sample were measured and normalized to GAPDH to control for any variation in protein loading. Each ovary examined originated from separate litters.
Serum collection, estrus staging and hormone analysis
Three-month-old females from different litters were euthanized via cervical dislocation and blood was collected via venipuncture from the heart. Whole blood samples were stored at room temperature overnight to allow clotting. After clotting, blood samples were centrifuged at 11 337g and the serum fraction collected for hormone analysis. Following euthanasia, vaginal lavage was immediately performed on females with 20 μl of sterile PBS. The lavage sample was smeared onto Poly-L-Lysine slides and air-dried prior to methanol fixation. Slides were stained with Diff quik (LP-64851, Labs Aids Pty Ltd, Australia) according to manufacturer's instructions prior to estrus staging using an Axio Imager A1 epifluorescent microscope, as previously described by McLean et al. (2012) . Serum from animals at diestrus was used for analysis of FSH and LH; see Supplementary Fig. S1C for examples of estrus staging. Serum FSH and LH concentrations were determined as previously described (van Casteren et al., 2000; Jimenez et al., 2005) .
Statistics
Statistical analysis was performed using GraphPad Prism 6.0 software (GraphPad Software, Inc., CA, USA) or JMP 13 (SAS, NC, USA). For categorical data, the Fisher's Exact Test was used. All other data were tested for normal distribution using D'Agnostino-Pearson omnibus normality test. For data found to follow a normal distribution, the Student's t-test or ANOVA with Sidak's post hoc was used. For all other data, the MannWhitney test or Kruskal-Wallis test with Dunn's post hoc statistical test was performed. A P value <0.05 was considered statistically significant. For oocyte analysis, linear mixed modelling was performed. Briefly, the fixed effect was set as the treatment group (control or smoke exposed) with the effect of the random variables, replication and animal accounted for. Further information on statistics tests used for each data set can be found within the figure legends. Data are shown as mean ± SEM.
Results
No change in the ovarian follicular composition after grandmaternal or greatgrandmaternal cigarette smoke exposure
We first sought to investigate whether cigarette smoke exposure grossly altered folliculogenesis in the F2 and F3 generation by examining the number and type of ovarian follicles present in adult females. We analyzed F2 (grandmaternal smoke exposed: GM-SE) and F3 (great-grandmaternal smoke exposed: GG-SE) ovaries in young adult (8 weeks old) and reproductively senescent (9 months old) mice (Fig. 1) . GM-SE females had no change in total follicle number compared with control animals (8 weeks: 128.8 ± 23.6 (GM-SE) versus 125.8 ± 9.1 (control) follicles, P = 0.9143, Fig. 1A ; 9 months: 33.0 ± 4.7 versus 45.3 ± 8.3 follicles, P = 0.2674, Fig. 1B ) and no change in follicle composition at 8 weeks or 9 months. Similarly, no change was seen in the follicle number or composition of GG-SE females at 8 weeks or 9 months (8 weeks: 120.8 ± 19.4 versus 118.8 ± 18.5 follicles, P = 0.9434, Fig. 1C ; 9 months: 36.0 ± 2.6 versus 26.7 ± 3.0 follicles, P = 0.0785, Fig. 1D ). To determine whether numbers of mature/ovulated oocytes might be altered in these mice, we also retrieved GV and MII oocytes from hormonally stimulated GM-SE or GG-SE animals, at 8 weeks or 9 months. Similar numbers were retrieved from these mice compared with controls ( Supplementary Fig. S2 ).
GM-SE and GG-SE ovaries display no or subtle alterations in follicular dynamics
We investigated ovarian follicle quality of GM-SE and GG-SE mice using markers of apoptosis (TUNEL) and somatic cell proliferation (PCNA and AMH). At 8 weeks, GM-SE had no change in PCNA immunosignal following ovarian immunofluorescence or immunoblotting (1.2 ± 0.2 versus 1 ± 0.1, P = 0.0796, Fig. 2A and D) . However, by 9 months there was a significant reduction in PCNA immunosignal (0.7 ± 0.1 versus 1.0 ± 0.09, P = 0.0197, Fig. 2A and E) . No change in AMH immunofluorescence or TUNEL-positive cells was observed in GM-SE ovaries at 8 weeks or 9 months (Fig. 2B and C) . great-grandmaternal smoke exposure in mice. Follicle numbers and type at 8 weeks (A) and 9 months (B) of age after grandmaternal smoke exposure (GM-SE). Graphical representation of the average number of follicles per ovary (8 weeks, P = 0.9143, n = 5-6; 9 months, P = 0.2674, n = 3; Student's t-test) and average number of follicle types based on morphological classification (ANOVA with Tukey's post hoc). Follicle numbers and type at 8 weeks (C) and 9 months (D) after great-grandmaternal smoke exposure (GG-SE). Average number of follicles per ovary (8 weeks, P = 0.9434, n = 5-6; 9 months, P = 0.0785, n = 3; Student's t-test) and average number of follicle types based on morphological classification (ANOVA with Tukey's post hoc). Values are shown as mean with SEM marked. Ctl, control. Figure 2 Unchanged ovarian follicle quality in mice with great-grandmaternal smoke exposed (GG-SE) but not grandmaternal smoke exposed (GM-SE). (A) Fluorescent immunolocalization of proliferating cell nuclear antigen (PCNA) (red) in control and GM-SE ovaries at 8 weeks and 9 months. (B) Fluorescent immunolocalization of anti-Mullerian hormone (AMH) (red) in control and GM-SE ovaries at 8 weeks and 9 months. (C) TUNEL staining (green) of control and GM-SE 8-week and 9-month ovaries: positive control was DNase treated. (D) Immunoblot of PCNA (red arrow) control and GM-SE whole ovary lysate at 8 weeks. PCNA densitometry; P = 0.0796, Student's t-test, n = 6, AU, arbitrary units. (E) Immunoblot of PCNA (red arrow) control and GM-SE whole ovary lysate at 9 months. PCNA densitometry; P = 0.0197, Student's t-test, n = 3. (F) Fluorescent immunolocalization of PCNA (red) in control and GG-SE ovaries at 8 weeks and 9 months. (G) Fluorescent immunolocalization of AMH (red) in control and GG-SE ovaries at 8 weeks and 9 months. (H) TUNEL staining (green) of control and GG-SE 8-week and 9-month ovaries: positive control was DNase treated. (I) Immunoblot of PCNA (red arrow) control and GG-SE whole ovary lysate at 8 weeks. PCNA densitometry; P = 0.1894, Student's t-test, n = 6. (J) Immunoblot of PCNA (red arrow) control and GG-SE whole ovary lysate at 9 months. PCNA densitometry; P = 0.2401, Student's t-test, n = 3. Nuclei of all sections counterstained with DAPI (blue). Sections and immunoblots analyzed from three control/treated animals per age group. Values are shown as mean with SEM marked. Scale bar = 100 μm.
In contrast to GM-SE ovaries, no change in PCNA immunosignal was observed at either 8 weeks or 9 months in GG-SE ovaries (8 weeks: 1.3 ± 0.6 versus 1.0 ± 0.1, P = 0.1894, Fig. 2F and I; 9 months: 0.9 ± 0.2 versus 1.0 ± 0.2, P = 0.2401, Fig. 2F and J) . Additionally, there was no detectable change in AMH immunofluorescence or TUNEL-positive cells in 8-week or 9-month GG-SE ovaries ( Fig. 2G and H) . (E) MII oocytes average interkinetochore distance per oocyte (P = 0.2624, linear mixed model) of 4-week control and GM-SE oocytes. Representative confocal images of 4-week control and GM-SE oocytes immunostained for centromeres (red). (F) MII average interkinetochore distance per oocyte (P = 0.5306, linear mixed model) 4-week control and GG-SE oocytes. Representative confocal images of 4-week control and GG-SE oocytes immunostained for centromeres (red). Box plots show mean (centerline) with box outline 25-75th percentiles, whiskers 10-90th percentiles and data points representing outliers, bar graphs show mean; n = number of oocytes examined from three animals. Chromosomes are counterstained with Hoechst (blue). Scale bar = 10 μm (B and D) or 1 μm (E and F).
GM-SE and GG-SE reduce MII oocyte quality
Having found no gross ovarian abnormalities, we began to investigate the quality of oocytes from GM-SE and GG-SE mice. GV oocyte size was unchanged between control and both GM-SE (86.7 ± 0.5 versus 87.8 ± 0.6 μm, P = 0.2392) and GG-SE (72.2 ± 0.5 versus 72.2 ± 0.5 μm, P = 0.9946) females at 4 weeks ( Supplementary Fig. S3 ). Investigation of spindle structure and chromosome number of MII oocytes from 4-week-old animals was undertaken. Both GM-SE and GG-SE oocytes from hormonally stimulated animals had normal ploidy (Fig. 3A and  C) . Further examination of the MII spindle found no change in spindle width (11.7 ± 2.2 versus 13.2 ± 1.2 μm, P = 0.3474, Fig. 3B ) or spindle pole to pole length (16.2 ± 2.9 versus 18.1 ± 1.8 μm, P = 0.3982, Fig. 3B ) in GM-SE oocytes compared with control, respectively. However, GG-SE MII spindles were significantly smaller in spindle Figure 4 Grandmaternal smoke exposed (GM-SE) but not great-grandmaternal smoke exposed (GG-SE) in mice reduces metaphase II (MII) oocyte quality with age. (A) GM-SE MII oocytes ploidy status at 9 months; P = 0.5228, Fisher's Exact Test. (B) GG-SE MII oocytes ploidy status at 9 months; P = 0.1457, Fisher's Exact Test. (C) Median MII spindle length (P = 0.0109, linear mixed model) and width (P = 0.0527, linear mixed model) of 9-month control and GM-SE oocytes. Representative confocal images of 9-month control and GM-SE oocytes immunostained for α-tubulin (green). (D) Median MII spindle length (P = 0.4017, linear mixed model) and width (P = 0.9748, linear mixed model) 9-month control and GG-SE oocytes. Representative confocal images of 9-month control and GG-SE oocytes immunostained for α-tubulin (green). Box plots show mean (centerline) with box outline 25-75th percentiles, whiskers 10-90th percentiles and data points representing outliers, bar graphs show mean; n = number of oocytes examined from three animals. Chromosomes are counterstained with Hoechst (blue), scale bar = 10 μm.
width (11.7 ± 2.2 versus 13.2 ± 1.2 μm, P = 0.0243, Fig. 3D ) but no change in spindle pole to pole length was observed (16.2 ± 2.9 versus 18.1 ± 1.8 μm, P = 0.2849, Fig. 3D ). In addition to MII spindle structure, the distance between kinetochores of sister chromatids can be a marker of how faithfully chromosomes will segregate during anaphase (Chiang et al., 2010; Merriman et al., 2012; Merriman et al., 2013) . We therefore compared interkinetochore distances of GM-SE/GG-SE oocytes with control oocytes, with no change observed (GM-SE: 0.88 ± 0.17 versus 0.77 ± 0.12 μm, P = 0.2624, Fig. 3E ; GG-SE: 0.63 ± 0.12 versus 0.61 ± 0.07 μm, P = 0.5306, Fig. 4F ).
Oocytes from reproductively aged animals (9 months) were next examined to determine if age-related oocyte quantity and quality decline was more pronounced after multigenerational (F2) or transgenerational (F3) cigarette smoke exposure. As expected, aged animals produced a lower number of euploid oocytes than young animals; however, no increase in aneuploidy above that of aged controls was observed in either GM-SE or GG-SE oocytes (Fig. 4A and B) .
Additionally, aged GM-SE oocytes displayed smaller MII spindles for pole to pole length (19.8 ± 3.2 versus 23.9 ± 3.8 μm, P = 0.0109; Fig. 4C ) but not width (8.9 ± 1.5 versus 11.3 ± 2.1 μm, P = 0.0527; Fig. 4C ). Interestingly, GG-SE at 9 months of age displayed no MII spindle changes unlike their 4-week-old counterparts (length: 21.5 ± 1.9 versus 20.9 ± 2.2 μm, P = 0.4017; width: 8.1 ± 1.0 versus 8.5 ± 1.7 μm, P = 0.9748; Fig. 4D ).
GM-SE delays meiosis II completion but both GM-SE and GG-SE have normal preimplantation embryo development
Having established spindle and kinetochore abnormalities in GM-SE MII oocytes, we then examined whether completion of the second meiotic division was adversely affected following parthenogenetic activation. PB2 extrusion was used as a marker of MII completion. We noted an~20-min delay in PB2 extrusion in GM-SE oocytes compared Figure 5 Grandmaternal smoke exposed (GM-SE) but not great-grandmaternal smoke exposed (GG-SE) alters metaphase II (MII) oocyte parthenogenetic activation in mice. (A) Time taken for GM-SE oocytes to extrude PB2; P = 0.0337, linear mixed model. Phase-contrast images of control and GM-SE oocytes undergoing MII completion after strontium activation as determined by second polar body (PB2; indicated by red arrow) extrusion, scale bar = 10 μm. (B, C) Parthenote development in ctrl, GM-SE and GG-SE parthenotes at key developmental milestones; 9 h (1-cell), 24 h (2-cell), 48 h (3/4-cell) and 72 h (compaction (comp)) post activation. ANOVA with Sidak's post hoc. Box plots show mean (centerline) with box outline 25-75th percentiles, whiskers 10-90th percentiles and data points representing outliers; bar graphs show mean with SEM marked. n = number of oocytes examined from three animals.
with controls (197.4 ± 15.0 versus 176.3 ± 19.7 min, P = 0.0337, Fig. 5A ). We then continued to follow preimplantation development and observed that neither GM-SE nor GG-SE oocytes exhibited dysfunctional development at any stage up to 72 h post activation, with the majority of embryos reaching normal developmental milestones in a timely fashion (Fig. 5B and C) .
GM-SE increases time to conception and time between pregnancies but not litter size
To investigate the reproductive consequences of GM-SE on female mice, we established a fertility trial using GM-SE females paired with non-smoke exposed male mice over a period of 3 months. We observed that litter sizes remained similar (7.1 ± 0.4 GM-SE versus 6.7 ± 0.3 control pups/litter, P = 0.4075, Fig. 6) ; however, time to conception (9.3 ± 1.9 versus 3.8 ± 0.5 days, P = 0.0042) and average time between pregnancies (9.9 ± 1.6 versus 4.6 ± 0.9 days, P = 0.0274) were significantly increased in GM-SE females compared with controls (Fig. 6 ).
GM-SE and GG-SE have no effect on serum FSH or LH levels at diestrous
Having established the oocyte and ovarian consequences of GM-SE and GG-SE, we next sought to determine whether levels of gonadotrophins FSH, which is critical for follicle growth, and LH, which is indispensable for meiotic resumption and ovulation, were altered as this may contribute to the increased time to conception and time between pregnancies. For these analyses, owing to animal availability, we were restricted to using females in diestrous, which provided an indicator of basal gonadotrophin levels. GM-SE females had both serum FSH and LH concentrations that were similar to controls (FSH: 5.9 ± 1.7 versus 6.3 ± 1.4, P = 0.8652, LH: 0.7 ± 0.5 versus 0.7 ± 0.4, P = 0.9618, Fig. 7A ). Similarly, no change was observed for serum FSH or LH in GG-SE females versus controls (FSH: 3.1 ± 0.6 versus 3.8 ± 1.2, P = 0.9517; LH: 0.7 ± 0.0 v 0.7 ± 0.5, P = 0.6715, Fig. 7B ).
Discussion
Recent studies have implicated transgenerational and multigenerational cigarette smoke exposure in elevated rates of diseases such as asthma and childhood cancers (Ortega-García et al., 2010; Rehan et al., 2012 Rehan et al., , 2013 Magnus et al., 2015) . In the current study, we have used a novel nose-only inhalational method to assist in unravelling the effect of grand and great-grandmaternal smoke exposure on female fertility. To the best of our knowledge, we have shown for the first time that grandmaternal smoke exposure reduces female fertility, but that great-grandmaternal smoke exposure appears to have little effect on female fertility.
The most noticeable effect of cigarette smoke exposure was related to the subfertility of GM-SE females, which manifested as increased time to conception and time between litters. Litter sizes were normal which was consistent with the unaltered follicle composition and numbers of oocytes retrieved from treated animals. These findings suggest that GM-SE mice could have alterations in their estrus cycles. We found that basal gonadotrophins were normal in these mice; however, it remains possible that the length of individual estrus stages could have been altered. Ovulation occurs during the estrus stage of the cycle; therefore, an extended period in non-estrus stages could result in reduced pregnancies over time.
Interestingly, previous studies noted that direct exposure of female rats to the cigarette smoke constituents benzo(a)pyrene or nicotine increased the time animals spent in non-estrus stages of the estrus cycle (Patil et al., 1999; Xu et al., 2010) . Furthermore, multigenerational but not transgenerational exposure to the synthetic estrogens genistein and ethinyl estradiol increased estrus cycle length (National Toxicology Program, 2008; National Toxicology Program, 2010) . Although genistein and ethinyl estradiol are not found within cigarette Figure 6 Grandmaternal smoke exposed (GM-SE) causes reduced fertility in adult life in mice. Average number of days to conception in control and GM-SE females continually housed with wild-type males (P = 0.0042, Mann-Whitney test). Average number of days between each pregnancy for females (P = 0.0274, Student's t-test). Average litter size for control versus GM-SE females (P = 0.4075, Student's t-test). Results represent n = 4 control/GM-SE animals per group over 3 months; Box plots show mean (centerline) with box outline 25-75th percentiles, whiskers 10-90th percentiles and data points representing outliers.
smoke, cigarette smoke condensate has been found to have estrogenicity, suggesting that a similar mechanism of action could be at play in GM-SE females (Takamura-Enya et al., 2003) . Another conclusion could be modifications to courtship and sexual behaviors in GM-SE females. Multi-and transgenerational exposure of female rats to the cigarette smoke constituent benzopyrene significantly altered female receptivity to copulation, as measured by lordosis frequency (Csaba and Karabélyos, 1997) . It is therefore possible that altered mating and cyclicity of animals could all compound to result in the observed GM-SE delayed conception. Furthermore, despite GG-SE females displaying only minor alterations in oocyte and ovary quality compared with GM-SE females, subfertility in these animals cannot be ruled out.
Abnormalities in GM-SE and GG-SE spindle size were also observed. Of note, is that neither GM-SE nor GG-SE resulted in an elevation in aneuploidy in young (4 weeks) or reproductively aged mice (9 months), above that of control mice. This was particularly surprising for the 9-month GM-SE cohort since spindle abnormalities have been shown to increase with age and are thought to contribute to aneuploidy (Eichenlaub-Ritter et al., 1986; Battaglia et al., 1996) . It is important to note, however, that the strain of mouse used during this study has been found to be particularly resilient to age-related aneuploidy (Camlin et al., 2016b) . Oocytes from 17-to 19-month-old females displayed 9% aneuploidy only, which was not significantly increased from young females (Yun et al., 2014) . Human oocytes, on the other hand, are particularly error prone, with aneuploidy rates as high as 60% reported (Fragouli et al., 2011; Kuliev et al., 2011) . Therefore, although age-related aneuploidy and its associated reproductive consequences were not observed in GM-SE/GG-SE mice, it is possible that the altered spindles observed could lead to chromosome segregation errors in similarly exposed humans.
No aberrations in ovarian development were observed in GM-SE or GG-SE animals at 8 weeks. By 9 months, however, GM-SE but not GG-SE showed a reduction in PCNA expression. PCNA is a marker of both cellular proliferation and DNA damage repair (Essers et al., 2005) . Furthermore, PCNA has been found to be an important marker of folliculogenesis and initiation of follicle growth (Oktay et al., 1995; Xu et al., 2011) . Previous studies have noted changes in ovarian PCNA expression after ovarian in vitro culture or in utero exposure to cigarette smoke or its constituents (Petrik et al., 2009; Sobinoff et al., 2012; Camlin et al., 2016a) . Neonatal ovarian culture with benzo(a)pyrene significantly increases PCNA expression (Sobinoff et al., 2012) . Conversely, in utero exposure to nicotine decreased follicular PCNA in adult ovaries (Petrik et al., 2009) . Finally, our research in mice has found that the F1 smoke exposed generation exhibited a decrease in follicular PCNA at 8 weeks and an increase at 9 months (Camlin et al., 2016a) . These studies confirm the susceptibility of ovarian follicle proliferation via cigarette smoke and its constituents to altered follicular dynamics. Furthermore, in vitro culture of granulosa cells from IVF patients revealed a significant correlation between diminished granulosa proliferation and patient age, potentially suggesting alterations in follicular dynamics with age after GM-SE (Seifer et al., 1993; Wu et al., 2015) .
In summary, through the use of a novel smoke-only inhalation method we have shown that GM-SE reduces female fertility. These data add to the growing body of evidence, which suggests that cigarette smoking during pregnancy can have multigenerational effects on female offspring (Csaba and Karabélyos, 1997; Li et al., 2005; Ortega-García et al., 2010; Rehan et al., 2012 Rehan et al., , 2013 Magnus et al., 2015) . In contrast, transgenerational exposure to cigarette smoke appears to have little overt effect on ovarian and oocyte quality. Our studies provide further evidence of the negative impact of smoking upon subsequent generations, and such knowledge is needed to facilitate smoking cessation programs among pregnant women.
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